A plethora of in vitro data have shown that certain ligands may have the property of causing differential activation of signaling pathways mediated via a single receptor ("functional selectivity"). It remains unclear, however, whether functionally selective properties are meaningful in vivo. Data with experimental compounds that are functionally selective at the dopamine D 2L receptor in vitro suggest that these properties may predict their atypical behavioral actions. Moreover, the novel antipsychotic drug aripiprazole is commonly believed to be a D 2 partial agonist, yet data clearly show aripiprazole is functionally selective in vitro. It is proposed that the effects of aripiprazole in animals and man can only be reconciled with its functionally selective D 2 properties, not its partial D 2 agonism. Together, these data provide support for the hypothesis that compounds with functionally selective properties in vitro are likely to have novel actions in vivo, opening doors to new avenues of drug discovery.
This issue of TiPS contains a series of outstanding theoretical pieces that relate to new concepts about the functional actions of GPC/7TM receptors. Many laboratories have converged on this arena via studies of GPCRs or GPCR-related signaling mechanisms, and the articles in this issue have provided elegant commentary on some of the molecular mechanisms that now attract wide interest. This emerging research has led to reconsideration of some fundamental concepts of receptor pharmacology. As an example, Violin and Lefkowitz (this issue) note that "until recently, drug efficacies for G protein activations and β-arrestin recruitment were believed to be highly correlated, restricting 7TMR response to a linear range of effects from stimulatory to inhibitory." Related to this was the notion that a drug acting via a single receptor could always be categorized by its degree of linear response (i.e., a drug was an agonist, partial agonist, or an antagonist). This led to the concept of "intrinsic efficacy" [1] that described the inherent functional properties of a drug at a specific target receptor. Intrinsic efficacy is not to be confused with operational terms like "intrinsic activity" [2] or "efficacy" [3] that reflect the measured response in any particular receptor functional system.
Although the idea of intrinsic efficacy has been highly ingrained, more than a decade ago data began emerging that was seemingly irreconcilable with this premise. Examples included situations where the relative intrinsic activity of two partial agonists at two functional endpoints was reversed, to cases where a single drug caused both full agonist and antagonist effects mediated by the same receptor [for review, see 4]. This phenomenon was been given a plethora of names [4, 5] , but for the purposes of this piece we shall term it "functional selectivity."
We were one of several laboratories that contemporaneously stumbled into this arena during our research on the most proximal aspect of receptor pharmacology -how ligands interacted with their targets, and how one could design "better" ligands from such knowledge. Because our work focused on dopamine receptors, study of dopaminergic ligands offered the "benefit" of commonly used behavioral assays whose pharmacology was well understood. Thus, when we found unexpected behavioral effects of a drug with functionally selective properties in vitro, the profound pharmacological ramifications were immediately clear.
Our data impressed us sufficiently that at a 1996 dopamine receptor meeting held in Ankara, I said that "….the "functional selectivity" hypothesis [is] A priori, I would like to describe why I favor the term "functional selectivity" that we first used publicly in the early 1990's [7] . The existence and potential impact of functional selectivity was realized by many laboratories studying different receptor systems, most of whom became sufficiently engaged by their observations that they coined their own term [4, 5] . Functional selectivity was appealing to us because it was operational, and because it accommodated a variety of mechanisms both proximal (related to the ligand and its receptor target) and distal (e.g., oligomerized receptors, G proteins, other signaling molecules, scaffolding proteins, etc.). Some terms (e.g., "trafficking") imply mechanisms that may not always be relevant. Other phrases used the word "agonist" (e.g., "protean agonist" or "agonist trafficking") and cannot accommodate those rarer cases when a ligand has both agonist and pure antagonist actions at different functions mediated via a single receptor. Although we recently proffered an alterative (ligand-induced differential signaling) that had an easy acronym (LIDS) [4] , until IUPHAR conventionalizes the terminology, the reader will excuse our continued use of "functional selectivity" knowing that it refers to phenomena discussed in this issue and elsewhere recently [4, 8] .
Whatever the debate about terminology, the research summarized in this issue of TiPS should remove all doubt that the phenomenon of functional selectivity is real, and that the relevant mechanisms are intriguing. What may be less obvious is that this phenomenon also can provide a route to truly novel drugs that could never have been conceptualized based on classic principles of pharmacology. Although ironclad mechanistic proof for this assertion is not yet in hand, an experimental trail that began in the late 1980's convinced us that functional selectivity will profoundly influence drug discovery.
Stumbling onto functional selectivity
By the late 1970's, it was generally accepted that there were at least two major classes of dopamine receptors [9] , D 1 and D 2 [10] , that now are known to be products of five genes [11] . Although many thought that the D 1 receptor was "a receptor in search of a function" [12] , we hypothesized that dopamine D 1 full agonists might have great utility as a novel therapy for Parkinson's disease [13, 14] . Prior tests with D 1 agonists had not been promising [15, 16] , but those compounds were partial agonists, and a variety of data suggested a full agonist might be qualitatively and quantitatively different. These results were one trigger for our efforts to understand how ligands interacted with and activated D 1 receptors [17, 18] .
One hypothesis guiding this early research was the notion that both high D 1 affinity and selectivity for D 1 versus D 2 receptors required a ligand to occupy an "hydrophobic accessory region" of the D 1 receptor [18] [19] [20] [21] . When we discovered the first bioavailable full D 1 agonist dihydrexidine, it had the predicted D 1 affinity and functional properties [22] and profound antiparkinson effects [14, 23] , yet it was only ten-fold D 1 :D 2 selective [24, 25] . Although the antiparkinson effects of dihydrexidine occurred at low doses expected to favor D 1 occupation [23] , the dogma about the role of D 2 receptors in antiparkinson actions made it critical to study this further.
The binding curve for dihydrexidine to brain D 2 receptors was shallow and guanine-nucleotidesensitive, suggesting that the drug was a typical full D 2 agonist with properties similar to the prototypical D 2 agonist quinpirole [25] . Yet there was an immediate conundrum. Drugs that are full agonists at both D 1 and D 2 receptors should have behavioral effects similar to indirect dopamine agonists that increase synaptic concentrations of dopamine (e.g., amphetamine or cocaine) since all dopamine receptors should be activated. Yet when dihydrexidine was given to rats, even at very high doses, the behavioral effects largely reflected only D 1 properties [26] . Similarly, in normal monkeys, dihydrexidine caused few overt changes in behavior of the type that would be expected for either D 2 agonists or for indirect dopamine agonists.
Could the functional actions of dihydrexidine at D 2 receptors explain these atypical behavioral properties? At D 2 receptors in rat striatum or in expressed human D 2L receptors, both dihydrexidine and N-n-propyldihydrexidine (propylDHX, an analog that is several hundredfold more D 2 :D 1 selective) inhibited forskolin-stimulated adenylate cyclase activity with full intrinsic activity, effects blocked by selective D 2 antagonists. Similar D 2 agonist properties were observed in situ in terms of inhibiting prolactin secretion. Yet unexpectedly, dihydrexidine and propylDHX failed to activate those D 2 -like autoreceptors mediating inhibition of cell firing, dopamine release, or dopamine synthesis. Indeed, high doses of dihydrexidine were ineffective at activating the D 2 -like autoreceptors that inhibit the firing of nigral neurons, yet attenuated the effects of apomorphine, a potent D 2 agonist in this assay [27] . These functional anomalies were not related to differences in binding of dihydrexidine [27] .
Thus, these early data suggested that dihydrexidine and propylDHX had high intrinsic activity at postsynaptic D 2 -like receptors, but low intrinsic activity at presynaptic receptors [28] . What might have caused such an unexpected pattern of effects? It was unlikely this was a result of a non-dopamine receptor, based on receptor screening and the agonist-antagonist functional studies that were done [25] . Another possibility came from the contemporaneous cloning of the D 2 -like receptors (D 2L , D 2S , D 3 ) and their localization in specific cell types and regions in brain [for review, see 11]. It might be that dihydrexidine was an agonist at one dopamine receptor isoform (e.g., D 2L ), but an antagonist at another (e.g., D 2S or D 3 ). This explanation for the functional discrimination was supported neither by studies with heterologously expressed receptors, nor by emerging neurobiological information about these three receptors. There was a third possible mechanism: functional discrimination was caused by differences in receptor reserve. It was known that there is higher presynaptic receptor reserve that causes increased the potency and efficacy of partial agonists [29] . Yet this actually deepened the paradox -dihydrexidine had greater D 2 functional activity postsynaptically, the opposite of predictions based on receptor reserve!
Eureka?
Conceptual breakthroughs are often envisioned to be like Archimedes' naked dash through Syracuse. In our case it was more like Isaac Asimov's description -"The … phrase … that heralds new discoveries, is not 'Eureka!' -but 'That's funny…'" How could it be that a single molecule could have agonist and antagonist effects mediated via the same receptor? This idea seemed heretical in terms of the classic pharmacological concept of intrinsic efficacy [3] , an idea that has led us to teach that a ligand is an agonist OR a partial agonist OR a neutral antagonist/inverse agonist. The clue was in a conceptual advance then known as GPCR promiscuity: GPCR signaling involving different signaling partners could mediate alternate signaling pathways [30] .
This was a hint to a plausible mechanism. One could conceive a ligand or drug as targeting not the receptor alone, but a receptor-directed signaling complex. A synthetic ligand might very well engage and/or perturb different aspects of a receptor than the endogenous ligand based on its unique structural features. This would result in ligand-specific conformational changes that also were influenced by the local signaling partners of the target receptors. For example, a ligand like dihydrexidine or propylDHX would induce different conformational changes in a D 2L receptor than would dopamine or quinpirole. Since the actual target was not the D 2 receptor, but several different D 2 -linked signaling complexes, it was possible for there to be differential activation of one signaling pathway versus another.
By early 1993, this hypothesis provided a parsimonious explanation for the body of phenomenological evidence that we had accumulated. Our first attempts to publish these data, however, were quire unsuccessful. The reviewers were unanimous in their view that drugs cannot be agonists and antagonists at the same receptor, and that our results must be an artifact. Clearly we needed a simpler model system to test this hypothesis further. The hurdle was finding a clonal in vitro system in which we could manipulate dopamine receptor expression, but in which transfected D 2 receptors would couple to functions that were mechanistically analogous to those we had studied in situ. The first such system was the pituitary lactotroph that expresses only products of the D 2 gene (DADR2), and that provided two functional endpoints that paralleled those studied in situ. As in heterologously expressed D 2 receptors, dihydrexidine was a full agonist at inhibiting adenylate cyclase, with effects blocked by D 2 , but not D 1 , antagonists. Conversely, dihydrexidine had little intrinsic activity at D 2 receptors coupled to G protein-coupled inwardly-rectifying potassium channels (GIRK), and was an effective antagonist of the functional actions of dopamine in the lactotroph [27] . Here again, dihydrexidine acted as an agonist and antagonist in the same cell.
Soon thereafter, there were reports of a mesencephalic-derived cell line (MN9D) in which transfection of the D 2L receptor led to coupling of the receptor to inhibition of adenylate cyclase and inhibition of dopamine release as occurs in dopamine neurons [31, 32] . Neither dihydrexidine nor propylDHX had effects in untransfected MN9D cells, but after D 2L -transfection both compounds were full agonists at inhibition of adenylate cyclase activity, effects blocked by D 2 , but not D 1 , antagonists. Conversely, the full D 2 agonist quinpirole inhibited the depolarization-induced release of dopamine in a concentration-responsive, antagonist-reversible, fashion, but neither dihydrexidine, nor propylDHX, inhibited dopamine release. Moreover, propylDHX actually antagonized the effects of quinpirole. Aspects of these data are summarized in Figure 1 . The possibility that differences in receptor reserve (vide supra) within the same cell contributed to these findings was ruled out by the fact that the norpropylapomorphine isomer SNPA actually had the reverse functional selectivity profile of dihydrexidine or propylDHX [33] .
The body of this and later work convinced us that "functional selectivity" with dihydrexidine and its analogs at the D 2L receptor was "real," [6, 27, 28, 33, 35, 36] , setting the stage for a focus on involved mechanisms (e.g., "conformational induction" vs. "drug-active state selection", etc.) highlighted elsewhere in this issue of TiPS.
Does functional selectivity really matter in vivo?
Although functional selectivity opens a host of interesting mechanistic doors, one could suppose that the types of results we have discussed, as well as similar ones found in many other receptor systems [4] , are of little more than heuristic interest. The fact that our initial studies included data from both ex vivo and in vivo studies suggested to us, however, that these findings were not only mechanistically interesting, but of profound potential pharmacological impact. We tested this idea by characterizing the behavioral effects of propylDHX which as noted above was a functionally selective D 2 ligand in vitro. Classic pharmacology would have predicted that a compound with full intrinsic activity at D 2 -mediated adenylate cyclases would have behavioral effects very similar to drugs like the prototypical D 2 agonist quinpirole. Typical D 2 selective or D 2 /D 3 agonists have biphasic effects, causing locomotor inhibition at low doses and locomotor stimulation at higher doses [37] . Yet propylDHX only caused modest locomotor inhibition across a wide range of doses, with no competing behaviors that might have interfered with locomotion [38] . To us, this provided additional support for the hypothesis that functionally selective compounds would have novel pharmacological actions. As it turned out, this idea was timely and of particular relevance to novel approaches being developed to treat schizophrenia.
D 2 receptors and agonist treatment of schizophrenia
The serendipitous observations that led to the discovery of chlorpromazine [39] allowed discovery that such antipsychotic effects were due to antidopaminergic actions [40] . This was later shown to result from blockade of D 2 , not D 1 , dopamine receptors [41] . As of this date, there is no effective antipsychotic drug that does not have D 2 antagonism as part of its pharmacological profile (albeit, see discussion of aripiprazole below). These findings led to what might seem a paradoxical hypothesis: therapeutic benefit might result from a D 2 dopamine agonist. Pharmacologically this actually was quite rational: if one could activate autoreceptors preferentially with a dopamine agonist, one might decrease dopamine neurotransmission and thus have a dopamine antagonist-like effect [42] . Dopamine neurons express both high densities of D 2 and low densities of D 3 autoreceptors. Activation of these autoreceptors (e.g., with dopamine) causes a decrease in both synthesis and release of dopamine, as well as the firing of dopamine neurons. Dopamine and D 2 agonists have higher potency at autoreceptors than at postsynaptic receptors due in large measure to the greater degree of presynaptic receptor reserve [29] . This is thought to explain why the behavioral response to a full D 2 agonist is typically biphasic with respect to dose, with inhibition seen at in low doses (the result of autoreceptor stimulation) and stimulation at higher doses (direct postsynaptic activation). In theory, one could use a low dose of a full agonist to achieve this selective presynaptic activation, thus causing benefit in schizophrenia. Although several promising reports suggested that a full agonist might fulfill this theoretical promise [43] [44] [45] [46] , in practice the use of full agonists alone or as adjuncts to D 2 antagonists has not worked. In retrospect, this may have been because temporal fluctuations in drug levels in situ would make it difficult to achieve the "right" relative receptor occupancies to give selective presynaptic effects.
One way to overcome this was the use of partial agonists that are known to have low intrinsic activity in systems with little receptor reserve, but significant intrinsic activity at the same receptor in a system with high receptor reserve [47] . Several lines of preclinical evidence suggested that partial agonists might be a way to address this issue of selective presynaptic dopamine inhibition. A plethora of in vitro and animal studies suggested that one such drug, (-)3-PPP (preclamol), might be an excellent candidate. Despite reports of short term efficacy, the benefits were short lived [48, 49] . It was this backdrop that brought functional selectivity to the clinical arena.
Functional selectivity and schizophrenia: is aripiprazole a D 2 partial agonist or the first functionally selective clinical drug?
Aripiprazole is the newest approved antipsychotic drug proffered by its developers as the first approved high affinity, low intrinsic activity partial D 2 agonist. Although the compound has effects on several other receptors, many of the leading figures in schizophrenia biology have taken to calling aripiprazole the first "dopamine stabilizer" based on its D 2 partial agonist properties [50] [51] [52] . According to this view, in situations of high extracellular dopamine concentrations (e.g., in mesolimbic areas involved in positive symptoms), the partial agonist properties of aripiprazole compete with dopamine and cause partial antagonism offering clinical benefit. Conversely, in situations where extracellular dopamine concentrations are low (for example in dopamine circuits involved in working memory), the drug can occupy additional receptors and cause partial activation. On its face, this is a cogent argument, combining classic pharmacological logic about mechanisms of partial agonism with recent information about the biology of schizophrenia.
There is no doubt that in many assay systems, aripiprazole looks like a low-to-moderate intrinsic activity partial agonist [53] [54] [55] as required by this prevalent hypothesis. On the other hand, some of the available data are difficult to reconcile with this hypothesis. First, the intrinsic activity and potency of aripiprazole for the D 2 -mediated inhibition of cAMP accumulation is cell line-dependent. The drug demonstrates weak partial agonist activity in the CHO-D 2L cell line, but strong partial agonist activity in HEK-D 2L cells [53] [54] [55] . Another example of this is shown in Figure 1 (left panel) where aripiprazole has markedly different potencies at two D 2L -mediated functions within the same cell line [34] . Moreover, in some systems, aripiprazole completely antagonizes both D 2 agonist-mediated GTPγS binding and GIRK channel activity [55] , while acting as a full agonist in situ for D 2 -mediated inhibition of tyrosine hydroxylase [56] . Thus aripiprazole appears to elicit D 2 -mediated functional effects that encompass the whole range of classic pharmacological traits. It is such large variations in intrinsic activity and/or potency, not explicable by other mechanisms, that suggest the drug is "functionally selective" [4] and not a simple partial agonist. The question is how this relates to the actions of aripiprazole in vivo.
On the one hand, if one accepts the notion of functional selectivity, all of the available animal and clinical behavioral data presumably resulting from a partial agonist mechanism can be explained equally well by functional selectivity. On the other hand, there are a few pieces of such data that are irreconcilable with the partial agonist hypothesis. One of the clearest of these are the effects of aripiprazole in the unilaterally lesioned 6-hydroxydopamine (6-OHDA) treated rat [57] , first thought of as a possible rat model of Parkinson's disease. Both full and partial dopamine agonists cause the test animal to turn with high frequency in a tight circle towards the side away from the lesion (i.e., leftward turning if the lesion was on the right-side nigrostriatal pathway). The robust rotation in this model is a result of relative receptor/cellular hypersensitivity of the target receptors on the lesioned, dopamine-depleted, side. As a partial agonist, aripiprazole also should cause such rotations, but it does not [56] . Moreover, it is a pure antagonist of the turning caused by known dopamine D 2 agonists [56] . Here then is a situation in which aripiprazole is a pure antagonist in a system with low dopamine tone, findings directly contradictory to the partial agonist hypothesis, but completely explicable by functional selectivity.
Another example, albeit a bit less direct, relates to Parkinson's disease (PD). Many PD patients develop psychotic side effects as a result of their use of levodopa and/or dopamine agonists (the latter largely working via D 2 receptors). By similar reasoning as espoused for schizophrenia, aripiprazole (as a partial agonist) should be very useful in treating these psychotic symptoms when added to the dopaminergic regimen of the PD patient. In fact, aripiprazole not only lacks effectiveness in treating the psychoses, it tends to worsen motor function [58] .
If not a "simple" partial agonist, how does one conceptualize aripiprazole working as a functionally selective D 2 ligand. It is to be noted that aripiprazole, like the other antipsychotics, is not selective for a single target. It has high affinity for a few other receptors (e.g., 5-HT 1A ) and modest affinity for several more [55] . Nonetheless, the interest in this compound revolves around its D 2 action. Clearly its intrinsic activity varies markedly depending on the signaling environment of the D 2 receptor [4, 53, 55] . It is fascinating to hypothesize how this specifically translates into functional changes in the intact organism. It may be, for example, that the cellular changes that cause post-denervation supersensitivity also change the D 2 signaling environment such that aripiprazole loses intrinsic activity. This would explain the results in the unilateral 6-OHDA rat or in PD patients. Conversely, it might be supposed that at the critical D 2 receptors in the dopamine mesolimbic terminal fields where aripiprazole is a low intrinsic activity ligand, possibly explaining the common observation that while exceptionally well-tolerated for this class of medication, the drug may be slightly less effective than compounds with pure D 2 antagonist effects.
Conclusions
The examples I have discussed hopefully will trigger ideas about how the mechanisms discussed in this issue are of pragmatic, as well as heuristic, importance. The purpose was not to prove that functional selectivity leads to novel drug action, rather that it might. A consequence of functional selectivity, at least in theory, is that it becomes possible to separate the desired versus undesired effects of a single molecule acting via a single receptor. The cartoon in Figure 2 shows how this might happen in the ideal. In the case of aripiprazole, this might be the useful antipsychotic effects versus the undesired motor side effects. Functionally selective drugs have the promise of improving the therapeutic profile of compounds acting at a wide variety of receptors.
The question, then, is how one goes about this. The answer is from all angles. Elucidation of proximal mechanisms, discussed elsewhere in this issue and in recent perspectives [4, 8] , is clearly of paramount importance. Knowledge of the involved mechanisms can lead to batteries of assays that may be useful in detecting compounds with functionally selective profiles. In addition, it is important to remember that drugs that are functionally selective may be considered to have both orthostatic and allosteric binding domains (i.e., while occupying aspects of the endogenous ligand's binding site, they also may extend into other regions of the receptor not normally perturbed by the endogenous ligand). As such, allosterism (see Leach et al. this issue) may be another way of invoking functional selectivity.
Molecular mechanisms aside, classic pharmacological approaches (at least for the near future) still have value for discovering drugs with novel actions in many therapeutic areas. The published history of aripiprazole provides a lesson in this regard: the compound was selected because of its effects on a battery of in vivo and ex vivo assays of purported behavioral functional relevance. Yet it will be mechanistic studies that drive us to the next generation of drugs. For example, bifeprunox, an antipsychotic drug candidate pending approval before the US FDA., is purported to be a D 2 "partial agonist" like aripiprazole. It will be very interesting to see how functional effects and the underlying mechanisms are similar or different between these two drugs. The integration of such mechanistic data with emerging clinical and behavioral data may be very useful in determining whether the viewpoint espoused here is correct. Ligand-receptor interactions can cause functional selectivity that is expressed in several ways. The potency of ligands can be differentially affected when two different receptor-mediated assays are conducted in the same cell line (left panel). The relative potency of aripiprazole in two functional assays differs by more than two orders of magnitude, unlike dopamine or other dopamine agonists. In addition, a ligand may cause discrete differences in intrinsic activity (right side). PropylDHX is a full agonist at D 2L mediated inhibition of adenylate cyclase (top right panel), yet is an antagonist at D 2L -mediated inhibition of dopamine release (bottom right panel). Conversely, quinpirole affects both functions similarly. Data originally from Kilts et al. [33] and Urban et al. [34] How a functionally selective drug might decrease side effects. In this hypothetical example, effects on GIRK channels are linked to a side effect, whereas effects on adenylate cyclase are linked to therapeutic effects. The functionally selective drug (left panel) has actions primarily on adenylate cyclase, whereas the typical agonist (right panel) has effects on both pathways. Thus, the functionally selective drug would have a better therapeutic index. This cartoon shows the polar extremes (pure agonism vs pure antagonism for the functionally selective drugs). In practice, a useful functionally selective ligand might have different degrees of partial intrinsic activity (not resulting from differences in receptor reserve!) at two (or more) key transduction mechanisms.
